Abstract
Introduction

Progress in biomedical research depends on the introduction of ever newer methods and tools. For example, in the field of light microscopy we are now witnessing a constant introduction of innovative methods: confocal microscopy, three-dimensional reconstruction, multi-photon microscopy, total internal reflection fluorescence (TIRF), near-field optics, spatially modulated illumination microscopy, etc. In addition to these modern hardware and software there are numerous novel cell labelling methods, and better chromophores and other devices (e.g. quantum dots) for labelling antibodies and for studying cell morphology and projections (for reviews, see Refs. [1] and [2]). Therefore it is surprising that some methods keep being used with no major changes for several decades. Among those few tools that prove to be immune to obsolescence are the use of the enzyme horseradish peroxidase (HRP) for nerve tracing and protein detection and the fluorescent tracer LY for cell labelling and for detecting intercellular coupling by gap junctions. LY was introduced in 1978 and is still one the most widely used tracer molecules, despite of the subsequent introduction of numerous other tracers. This review will highlight the main uses of LY, with emphasis on enteric neurons and interstitial cells of Cajal (ICC), which are two cell types that play crucial roles in regulating gastrointestinal functions
. As these cells are embedded in muscle, visualizing them, particularly in live tissue, has been a considerable challenge. Work with LY has greatly helped in labelling these cells and understanding their functions. [5, 12] revolutionized this field by introducing the dye LY CH (Fig. 1 [13, 14] , and it was reported that fluorescein passes only through gap junctions and does not permeate plasma membranes. However, a later study [15] showed that fluorescein crosses plasma membrane, whereas LY does not. Therefore, LY is much preferred for dye coupling experiments, and indeed it has replaced fluorescein for this type of work.
pipettes) is an extremely useful method to characterize the electrical properties of cells. A disadvantage of this method is that in most cases the morphology (and hence in many cases
Methods for loading cells with LY
Intracellular injection
As LY has two negative charges, it can be injected into cells by passing negative electric current [5] . [5, 16] Figure 2 .
, and longer injections offer no advantage. Numerous studies using the injection method yielded excellent images of cells, and also important information on their electrical properties and synaptic connectivity. Examples of cells stained by this method are shown in
A [17] . The injection of LY allows a detailed characterization of the morphology of immuno-labelled cells [18] .
major advantage in injecting fluorescent tracers over nonfluorescent tracers, such as neurobiotin and HRP, is the ability to observe the injected cell in real time, using epifluorescent optics. This allows the direct identification of the injected cells, which is crucial when several cells are injected in the neighbourhood, or when dye coupling takes place. Direct observation also informs the investigator when the cell is filled sufficiently. In experiments aimed to correlate between morphology and electrophysiology, LY may not be ideal because the electrodes tend to clog and their resistance increases, making the recordings less reliable (see section 'Electrophysiological studies using LY-filled electrodes'). The discussion earlier dealt with live tissues where cell impalement with the electrode is indicated by the presence of resting potential. It has been found that LY can be injected with microelectrodes into cells in fixed tissues. This is useful when fresh tissue cannot be obtained, for example for human specimens obtained from post-mortem material
Scrape loading
Intracellular dye injection is not a simple technique and requires specialized equipment and some expertise. Also, cells are injected individually, which limits the number of cells that can be studied.
A technique that circumvents these problems is termed 'scrape loading' [19] [20] [21] [22] [23] . Electric fields of about 500 V/cm are required. It has been reported that removal of the electrodes can dislodge cultured cells and special electrodes were devise to overcome this problem [24] . molecule of interest [25] . This method has been used largely for gene transfer (DNA gun), but it has been employed for loading cells with LY [26] .
. Cells are usually in tissue culture and form layer on the bottom of a dish. The dye is dissolved in the bathing solution and a straight cut is made with a sharp blade in the cell layer. The injured cells take up the dye and become labelled. This method is particularly useful for dye coupling work. Its disadvantage is that it is largely suitable for cell culture.
Electroporation
By application of strong electric fields cells can acquire pores that allow the passage of large and/or hydrophilic molecules. This method has been introduced for labelling cells with LY
Ballistic loading
Uptake of LY into cells by endocytosis?
There is evidence that in spite of LY being hydrophilic it can be taken up by cells. Sarthy et al. [27] 
Electrophysiological studies using LY-filled electrodes
Stewart [5, 12] [35] .
Tasker et al. [7] 
compared LY, the fluorescent dye ethidium bromide and biocytin for intracellular recordings and staining in hypothalamic neurons. They concluded, that overall, the electrical recordings with biocytin were the best. For morphology both biocytin and LY gave good results, but biocytin was superior for combined morphology and immunohistochemistry.
It has been found [7, 36] [37] , and thus the perfect tracer has still to be found. The Figure 3 . [42, 43] .
that the lithium ions, which must be used with LY (at 0.5-1M in the electrode solution), are detrimental to neurons, leading to depolarization of membrane potential by 2-23 mV, and increasing input chord conductance by 552-796% [36]. These extreme values were observed after many minutes of injection, and therefore the problem can be largely avoided by recording the electrical properties of the neurons shortly after impaling the neurons, and only then injecting the dye. It should be added that biocytin, too, has been found to have adverse effects on the electrical properties of neurons
Studying cell morphology with LY
Early work has shown that injecting single cells with LY provides a picture of the cells with extraordinary detail. The image by Stewart [13] of an LY-injected leech neuron on the cover of Nature is very memorable. Apparently LY can diffuse into very fine processes, providing highly detailed picture of cell morphology, which resembles Golgi staining. However, in contrast with the Golgi method, which is highly variable and unpredictable, LY injection is quite predictable. This is in addition to the ability to learn about the physiology of the injected cell. With the advent of confocal microcopy and three-dimensional reconstruction, LY labelling yields extremely fine detail of cell morphology, for example Refs. [39-41]. Labelling with LY in combination with immunohistochemistry has a great added value. Examples of intracellular labelling of neurons and an ICC are shown in Figure 2. Confocal images of LY-labelled satellite glial cells in dorsal root ganglion are shown in
The advantages of using LY for studying cell morphology are evident in studies on astrocytes. The common immunolabelling of astrocyte for specific proteins (e.g. glial fibrillary acidic protein, or S100) provides an incomplete picture of the cells. Injecting astrocytes with LY or other intracellular tracers, reveals that these cells are extremely branched and have a bushy appearance, which is largely missing with immunolabelling
Using LY to study intercellular communication The dye coupling method for gap junction detection and characterization
Gap junctions (or electrical synapses) are almost a ubiquitous means for cell communications; these are channels connecting adjacent cells, and consist of proteins called connexins. They allow the passage of ions and molecules of molecular weight of up to about 1000 Da. As the molecular weight of LY is 457.3 Da (including two Li
ϩ ions), it can easily pass through gap junctions [8, 44, 45] . This ability (termed 'dye coupling') has been exploited in the early studies on LY [5, 16] , and since then has been used in hundreds of studies. The gold standard for identifying gap junctions is electron microscopy (EM; transmission or freeze fracture). However, in certain cases gap junctions are missed by EM [46, 47] . In these cases, dye coupling studies helped to confirm their presence [47, 48] [51] , heart [51, 52] , neurons [51, 53] , astrocytes [54] , enteric glia [55, 56] , epithelial cells [57] , glands [58] , smooth muscles [47, 48] and ICC [35, [59] [60] [61] [62] . In most studies, intracellular injection was used, but other methods of application have also been employed, particularly scrape loading [21] . Examples of dye coupling using LY are shown in Figures 3-5 .
In some cases, other tracers revealed coupling where the use of LY failed to demonstrate them; for example Neurobiotin or biocytin, which are smaller molecules [63] . This may be due to the lower permeability of specific connexin types to LY [64] . In other cases, there was no advantage to using these tracers. Moreover, Neurobiotin and biocytin require additional processing and are not visible in live tissues. It should be added that there is not always a strict correlation between molecular size and permeability through gap junctions [65] . Still, it will be very beneficial to develop fluorescent molecules with lower molecular weight than LY for better characterization of cell coupling.
LY uptake by hemichannels, pannexins and P2X7 receptors
Normally LY will not enter cells from the outside solution because of its hydrophilic nature, but when channels that are large enough to allow it to enter the cell are present in the plasma membrane (and are open) , this dye will label the cell. The high fluorescence and low molecular weight of LY make it very suitable for detecting such channels. LY has been useful for detecting channels such as pannexins, hemichannels and P2X7 purinergic receptors [45, 66, 67] . Identification of the channel is performed by using blockers; for example carbenoxolone for pannexins and gap junctions [45] , and brilliant blue green for P2X7 [68] . Immunohistochemistry and other methods can provide further details on the molecular identity of the channels. 27 [69] . This method is used mostly in cell cultures.
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Fluorescence recovery after photobleaching (FRAP)
Retrograde labelling with LY
Stewart [12] [70] [71] [72] . Proteins such as HRP attached to wheat germ agglutinin are also useful for retrograde labelling [73] .
Photoconversion of LY
A disadvantage of fluorescent dyes is that they tend to fade under the intense illumination used to visualize them, and also in the [74, 75] , and for other cell types such as ICC [76] (Fig. 6 ). This method has been also combined with immunohistochemistry [77] . (Fig. 7) . Confocal microscopy enabled the quantitation of the extent of the innervation of ICC [82] .
Combination of LY labelling with other methods
Antibodies against LY
Labelling with LY can sometimes be weak. To help visualize the details of the labelled cells, antibodies against LY have been prepared to greatly enhance the labelling intensity [7] . When peroxidase is used for detecting the secondary antibody, the LY-labelled cell can be viewed with the electron microscope [83] . A drawback of this method is the formation of a dense reaction product in the LY-filled neuron that obscures ultrastructural details. Branchereau et al. [84] showed that using immunogold instead of HRP greatly improved the visualization of cellular organelles in cells labelled with LY. 
Using LY for selective ablation of cells
